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Abstract: The immune response to cytomegalovirus (CMV) infection is highly complex, including humoral, cellular, innate, and
adaptive immune responses. Detection of CMV by the innate immune system triggers production of type I IFNs and inflammatory
cytokines which initiate cellular and humoral responses that are critical during the early viremic phase of CMV infection. Sustained
control of CMV infection is largely accounted for by cellular immunity, involving various T-cell and B-cell subsets. In solid organ
transplant patients, global suppression of innate and adaptive immunities by immunosuppressive agents limits immunological de-
fense, including inhibition of natural killer cell activity with ongoing lowering of Ig levels and CMV-specific antibody titers. This is
coupled with a short-term suppression of CMV-specific T cells, the extent and duration of which can predict risk of progression
to CMV viremia. CMV immunoglobulin (CMVIG) preparations have the potential to exert immunomodulatory effects as well as pro-
viding passive immunization. Specific CMVIG antibodies and virus neutralizationmight be enhanced bymodulation of dendritic cell
activity and by a decrease in T-cell activation, effects which are of importance during the initial phase of infection. In summary, the
role of CMVIG in reconstituting specific anti-CMV antibodies may be enhanced by some degree of modulation of the innate and
adaptive immune responses, which could help to control some of the direct and indirect effects of CMV infection.

(Transplantation 2016;100: S11–S18)
Distinct Components of the Immune Response to
Cytomegalovirus

The immune response to primary cytomegalovirus (CMV)
infection combines humoral and cellular, innate and adaptive
immune responses to limit viral replication and achieve viral
latency (Figure 1). The CMV is one of the most complex vi-
ruses to infect humans, and the intricacy of both innate and
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adaptive immune responses means that it has not yet been
fully characterized.

The CMV infection is first detected by the innate immune
system via pathogen recognition receptors, well before the
onset of adaptive immunity. In vitro studies have demonstrated
thatToll-like receptors detect glycoproteinBon the envelope of
CMV particles, triggering production of distinct cytokines by
immune cells, including type I IFNs and inflammatory cyto-
kines.1TheCMVinducesmacrophageTLR4andTLR5 ligand
expression and MyD88 signals related with an inflammatory
response with TNF-α, IL-6, and IL-8 gene expression.2

Two studies in liver transplant patients have demonstrated
that genetic polymorphisms of the Toll-like receptor 2 gene
that disrupt recognition of the CMV glycoprotein B antigen
are associated with a significant increase in CMV replication
and risk of CMV disease.3,4 Separately, recognition of CMV
components by the natural killer (NK) cells of the innate
immune system stimulates IFN-γ secretion by effector cells.
The NK cells express killer cell Ig-like receptors, and greater
expression of these activating receptors shows a negative cor-
relation with CMVreplication in kidney transplant patients.5

There is also evidence for the emergence of memory-like NK
cells (CD57+NKG2Chi NK cells) within the first two weeks
after detection of CMV viremia.6 An antibody-mediated re-
sponse of NKG2Cbright NK cells against human CMV has
been recently described, highlighting the important point that
the antihuman CMV response may result from cooperation
between specific Igs and NK-cell subsets.7
www.transplantjournal.com S11
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FIGURE 1. The immunological response to CMV. Upper section: Antigen presentation to CD4+ and CD8+ Tcells by macrophages and den-
dritic cells; participation of other innate immune cells such as neutrophils. Interaction of dendritic cells with B cells and NK cells. Lower section:
Cytolisis of CMV by CD8+ T cells, NK cells, complement system and virus neutralization by immunoglobulins produced by B cells. ADCC,
antibody-dependent cellular cytotoxicity; APC, antigen-presenting cell; BCR, B-cell receptor; MAC, membrane attack complex; MHC, major
histocompatibility complex; TCR, T-cell receptor; TLR, Toll-like receptors. (1-4) Potential mechanisms of action of CMVIG. (1) Virus neutralization
by anti-CMV antibodies, (2) effect on maturation of dendritic cells, (3) decreased T-cell activation, (4) decreased cytokine production.
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In murine CMV infection, an unexpected role has been
suggested for neutrophils as potent antiviral effector cells
which restrict viral replication and the associated pathogene-
sis in peripheral organs.8

Release of cytokines triggered by detection of CMV via the
innate system initiates a humoral response during the early
viremic phase of CMV infection.9,10 In vitro, CMV-specific
antibodies emerge in the serum 2 to 4weeks after the primary
infection.11 One of the established targets for neutralizing an-
tibodies is the domain-2-epitope of glycoprotein B on CMV;
1 study in kidney transplantation found that patients with anti-
bodies against this antigen did not require preemptive therapy
or develop CMV disease.12 The CMV-seropositive transplant
candidates, by definition, have higher immunocompetency
against CMV than seronegative individuals. One comparative
analysis of 126 CMV-seropositive versus 19 CMV-seronegative
heart transplant patients showed that in addition to a higher
pretransplant anti-CMV titer [24 112 versus 453 titer dilutions;
P = 0.001), the CMV-seropositive patients had higher total IgG
levels andCD8 counts.13However, preexistingCMVimmunity
antibodies may not be entirely effective against CMV strains in-
troduced by organ transplantation. Even in CMV-seropositive
kidney transplant patients, receipt of an organ from a seroposi-
tive donor increases the risk of infection by up to 3-fold
comparedwithaseronegativedonor.14 Inaddition, invitro stud-
iessuggestthat neutralizing antibodies may not prevent subse-
quent rounds of infection that aremediated primarily by direct
cell-to-cell transmission after CMV infection has occurred.15

These findings underline the importance of the cellular im-
mune response in addition to the humoral response.

The role of complement in the clearance of CMV infection
is less well studied. Complement proteins are involved in the
control of CMVinfection in patients with circulating neutral-
izing anti-CMVantibodies.16 In the presence of specific anti-
CMV antibodies, complement has been shown to enhance
the neutralizing ability of serum by 2- to 3-fold.17

Sustained control of CMV infection is largely accounted
for by cellular immunity. At around 4 to 6weeks after the pri-
mary infection, a diverse T-cell response develops in which
broadly targeted CMV-specific CD4+ and CD8+ cells domi-
nate the memory cell subset and are adequate to achieve viral
control in healthy individuals.18 In vivo data have shown that
CMV-specific CD8+ T cells are largely responsible for the
containment of virus-infected cells.19 Patients with late emer-
gence of IFN-γ–producing CMV-specific CD4+ T cells are
more likely to develop CMV disease.20 The frequency of
CMV-specific cytotoxic CD8+ T cells required to effectively
suppress viral replication long-term is higher than for other
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persistent human pathogens,21 reflecting the persistence of
CMV infection. The CMV-specific cytotoxic CD8+ T-cell
counts remain relatively consistent within a subject over
time despite considerable interindividual variation.22 Ade-
quate numbers of effector CMV-specific CD4+ T cells are
also essential for efficient control of replication23 and, after
replication is suppressed, these cells may begin to express cy-
tolytic molecules.20 Combined with CMV-specific antibody
titers, this lifelong CMV-specific T-cell immunity controls CMV-
related disease in the healthy population. Distinct diagnostic
approaches for measurement of CD4+- and CD8+-specific
anti-CMV responses have the potential to help define risk for
CMV infection and disease.24 Recently published data have
shown that assessment of CMV-specific memory T- and
B-cell responses among seronegative recipients before kidney
transplantation may help to identify immunized individuals
more accurately.25

Evaluation of CMV-specific cellular phenotypes correlates
well with serological definition of high risk for development of
CMV infection, and with CMV viremia.26 Furthermore, mea-
surement of specific anti-CMVcellular responses are being eval-
uated to guide immunosuppressive and antiviral therapy.27-29

The ImmuneResponse toCMV in Transplant Recipients
Recipients of a solid organ transplant are relatively ill-

equipped to mount an effective immune response. Global
suppression of innate and adaptive immunities by immu-
nosuppressive agents, particularly lymphocyte numbers and
function, is a prerequisite for successful graft survival. Chronic
immunosuppression can influence the immune cascade in
various ways, with agents often acting synergistically at dif-
ferent points. Calcineurin inhibitors block the maturation
of T cells such that B-cell activation by Th1 cells to produce
CMV-specific antibodies is suppressed, and production of
CMV-specific T cells is reduced, at least in the short term.30

In vitro, calcineurin inhibitors have been shown to suppress
CMV-specific T-cell reactivity in a dose-dependent manner.23

Mycophenolicacid suppressesbothT-cell andB-cell functions,31

resulting in a higher rate of CMV infection compared with
mammalian target of rapamycin inhibitors.32,33 Lymphocyte-
depleting induction agents, typically suppressing production
FIGURE 2. Humoral and cellular immunity parameters in 116 heart tran
Dotted error bars (with open circles) represent the error observed in the
infections, while solid error bars (with closed boxes) refer to patients w
groups. Reproduced with permission from Sarmiento et al 40.
of several immune cell types, may be associated with higher
risk ofCMVinfection than nondepleting IL-2 receptor antag-
onists, especially at high doses.34-37 After transplantation, a
series of studies has demonstrated profound changes in both
the innate and adaptive immune systems related to CMV im-
munity arising from immunosuppressive therapy.38

Innate Immunity in Organ Transplant Recipients
TheNK-cell activity decreases in themonthafter heart trans-

plantation in patientswith orwithout CMVinfection.39,40 In a
series of 116 patients, Sarmiento et al40 demonstrated a pro-
nounced decrease in CD56/CD16+ NK cell count by day 7
posttransplant. The decrease was significantly greater in those
patients who experienced an infection, with only a partial re-
covery by month 140 (Figure 2). The same study showed a de-
crease of approximately one third in levels of C3 complement
from baseline to day 7 in patients with CMV infection, and a
smaller decrease in infection-free patients; there was near-
complete recovery by day 30 only in those patients without
infection.40 C3 hypocomplementemia has been recently pro-
posed as a risk factor of CMVinfection in heart recipients.41

Polymorphism of mannose-binding lectin (MBL) has been
associated with risk for development of CMV infection in
solid organ transplantation.21,22 A higher frequency of
CMVreactivations was observed in lung recipients with defi-
cient versus normal levels of MBL.23 Lower concentrations
of MBL, and the presence of low or intermediate MBL-
producing genotypes, are risk factors for the development
of CMV infection in heart recipients.42,43

Humoral Response to CMV in Organ
Transplant Recipients

An immunological study of 116 heart transplant recipients
has shown that Ig levels decrease markedly in heart trans-
plant patients by day 7 posttransplant, with no sign of recov-
ery by month 1.40 This ongoing suppression can be directly
attributed to the effect of immunosuppression because con-
trol patients undergoing nontransplant heart surgery showed
full recovery of IgG levels by month 1.40 Notably, levels of
IgG were significantly higher at baseline and at days 7 and
splant recipients pretransplant and on days 7 and 30 posttransplant.
average of the different immunological parameters in patients without
ith infections. Tx, transplantation. *P < 0.05 for difference between



FIGURE 4. Association between the humoral response (anti-CMV
antibody titer) and the cellular response (% CMV-specific CD4+/
CD8+ cells) at day 30 posttransplant and presence or absence of
CMV infection at month 6 in 38 CMV-seropositive heart transplant
patients. IE1, immediate early protein. Reproduced with permission
from Carbone et al39.
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30 posttransplant in patients who remained free of severe in-
fection of any type (Figure 2).40 Unsurprisingly, given the ne-
cessity for lifelong multidrug immunosuppressive regimens,
secondary hypogammaglobulinemia is a frequent finding in
solid organ transplant recipients.44,45 A large pooled analysis
undertaken by Florescu et al44 recently reported the incidence
ofhypogammaglobulinemia (definedas serumIgG<700mg/dL)
at 1 year posttransplant to be 49% among heart transplant
recipients and 63% among lung transplant recipients, with
severe cases (serum IgG <400mg/dL) in 21%and 22%of pa-
tients, respectively. Use of more potent immunosuppressive
regimens, particularly the inhibition of T-cell and B-cell func-
tions by mycophenolic acid, may predispose patients to
hypogammaglobulinemia.31,46,47

In the pooled analysis by Florescu et al,44 the risk of CMV
infection during the first year after solid organ transplan-
tation was increased more than 2-fold in patients with se-
vere hypogammaglobulinemia (odds ratio, 2.40; P = 0.02).
Early hypogammaglobulinemia (≤1 month posttransplant)
in thoracic transplant recipients is associated with a dramatic
increase in the risk of CMV infection (Figure 2). In a prospec-
tive, single-center study of 75 heart transplant patients, 10 of
whom developed CMVdisease during follow-up, multivariate
analysis showed a relative hazard of 4.49 for CMV disease
(P = 0.02) for IgG hypogammaglobulinemia (<500 mg/dL)
at month 1 posttransplant.48 Using a slightly higher cutoff
point of 600 mg/dL at day 30, the same group recently
confirmed in a larger population in a multicenter study
(n = 202) of CMV-seropositive heart transplant recipients that
low IgG is an independent risk factor for CMV disease (ad-
justed odds ratio, 11.9; P = 0.02).49 Low levels of IgG at
day 7 posttransplant are also predictive of infection of any
type,50,51 consistentwith previously published data.51Of note,
the combination of low levels of IgG coupled with low com-
plement C3 at month 1 confers a particularly high increase
in the risk for CMV disease by month 6.49

A reduction in CMV-specific antibody titers has also been
documented during the first month after heart transplanta-
tion, regardless of CMV infection status.39,48,49 In a prospec-
tive analysis of 202 CMV-seropositive heart transplant
patients at a single center, the mean anti-CMV titer decreased
from 20 419 to 14 235 titer dilutions by day 30 in patients
who developed CMV disease (P = 0.044) and from 22 232
to 18 247 titer dilutions (P < 0.001) in patients without
FIGURE 3. Cumulative hazard for CMV infection (Kaplan-Meier esti-
mates) in a prospective study of 38 CMV-seropositive heart trans-
plant patients according to anti-CMV antibody titer. Reproduced
with permission from Carbone et al 39.
CMV disease.49 Low anti-CMV titer at month 1 increases
the risk of CMV infection after heart transplantation
(Figure 3). In a multivariate analysis of prospectively re-
corded data from 71 heart transplant patients (with
CMVIG administered only in high-risk cases), 10 patients
developed CMV disease.48 Low anti-CMV titer either pre-
transplant (relative hazard, 8.1; P = 0.004) or at 1 month
posttransplant (relative hazard, 4.49; P = 0.02) was found
to be associated with a higher risk of CMV disease.48 As
might be expected, the combination of low anti-CMV IgG ti-
ter and low CD8+ CMV-specific T-cell count is particularly
unfavorable in terms of risk for CMV infection39 (Figure 4).

Cellular Response in Organ Transplant Recipients
Immediately after organ transplantation, there is a marked

decline innumbersofCD3+,CD4+, andCD8+T-cell counts.40,52

In a longitudinal immunological study of 88 kidney trans-
plant patients, a short-term suppression of CMV-specific
Tcells was followed by normalization in the long term.30,52

Thiswas accompanied by adecreased frequency ofTreg cells
over the first few weeks posttransplant, a reduction that
persisted thereafter, permitting recovery of effector T cells
as an adaptive response to immunosuppression therapy to
maintain pathogen control.

Figure 2 illustrates changes in T-cell counts over the first
month after heart transplantation, demonstrating that T-cell
reconstitution is significantly higher in those patients who re-
main free of infection. An analysis of the subpopulation of
patients in that study who developed CMV disease (n = 12)
showed that the absolute numbers of CD3+ T cells and
CD8+ cytotoxic T cells during the first month posttransplant
were significantly lower than in those without CMV infec-
tion.40 Moreover, among patients with CMV infection the
CD8+ T-cell count was significantly lower at month 1 in pa-
tients who progressed toCMVdisease. Evidence fromkidney
transplantation has confirmed that CMV-specific CD4+

T-cell frequency shows an inverse correlation with the inci-
dences of CMV replication, high CMV load, and onset of
CMV disease.30,53,54 A study of 48 CMV-seropositive heart
transplant patients, all treated preemptively with antiviral
therapy, found a clear inverse association between immune
recovery and risk of CMV viremia.55 When the frequency
of circulating CMV-specific CD4+ T cells falls below
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approximately 0.25%, viral replication is no longer con-
trolled.30 In summary, transplant patients whomaintain ade-
quate, stable CMV-specific T-cell frequencies are less likely
to develop CMV complications than those who over the first
few months posttransplant have a sustained decrease in
CMV-specific immunity.30

In maintenance kidney and heart transplant patients, ta-
pering of immunosuppressive doses can permit immune re-
constitution to the point at which CMV-specific T-cell
counts are similar to those in healthy controls,23 such that
late CMV reactivation is unlikely. However, low frequencies
tend to persist in lung transplant patients,23 a group at high
risk for late-onset CMV viremia.56

The Potential Immunomodulatory Effect of CMVIG
The CMVIG appears to influence the immune response via

multiple mechanisms (Figure 1). There is evidence that it
might affect some components of both innate and adaptive
immune responses and exerts immunomodulatory activity
(Table 1), but its complex mode of action has not been fully
elucidated and further data are required.

Effect of CMVIG on Dendritic Cells
Data on whether and how CMVIG affects dendritic cell

activity are lacking. One retrospective study has shown that
in a series of 18 liver transplant recipients administration of
CMVIG suppressed functional dendritic cell maturation58

and alloantigen-stimulated T-cell proliferation. This is inter-
esting because both components (dendritic cells and T cells)
participate in the pathogenesis of allograft rejection. How-
ever, confirmatory data are lacking.

Effect of CMVIG on Humoral Immunity
Administration of CMVIG aims to restore normal concen-

trations of CMV-specific Ig in the immunocompromised pa-
tient. The CMVIG preparations are delivered as intact IgG
molecules, which have a half-life similar to that of serum
TABLE 1.

Confirmed and possible immunomodulatory effects of CMVIG: a

Target Mechanism/Proposed mechan

Innate immunity cells Binds to Fc receptors
Dendritic cells

NK cells Possible downregulation of cell-bound
immunoglobulin and Fcγ RIII surface ex

Adaptive immunity cells May increase levels of naïve B cells
B cells
T cells Inhibits IL-2, IFN-γ, and IL-10 production

Decrease in CD4+ and CD8+ T-cell activa
T-cell apoptosis

Antibody levels Passive transfer of antibodies

CMV target cells Prevention of CMV binding to target cells
Neutralizing antibody response to cell surfa
CMV antigens gH/gL/UL128/UL130/UL1

This supplement was funded by Biotest AG, Dreieich, Germany.
IgG.59 After administration of approximately 100 mg/kg
body weight of a CMVIG to seronegative healthy subjects,
enzyme-linked immunosorbent assay has shown an increase
in specific CMV-IgG antibodies as well as a significant en-
hancement of virus neutralization in vivo.60 The decline of
both titers was biphasic: CMV IgG antibodies fell slowly dur-
ing the first week and remained unchanged thereafter, whereas
neutralization titers decreased markedly faster in the first
than in the second week. Interestingly, in CMV-seropositive
subjects, CMV IgG antibodies increased by approximately
3-fold, followed by a similar biphasic decline to that seen in
seronegative subjects.60

The CMVIG preparations are purified Ig products, ob-
tained from pooled adult human plasma that has been se-
lected for high anti-CMV antibody titers. A small number
of studies have compared the titer of anti-CMV specific anti-
bodies using CMVIG versus nonspecific intravenous immu-
noglobulin (IVIg) and found conflicting results.61,62 It seems
that all commercially available IVIg products provide passive
CMV neutralizing antibodies, but the level of circulating an-
tibodies is affected by the IVIg product used.63 It has been
suggested that measurement of neutralizing activity against
distinct cell lines and evaluation of other properties, such as
avidity to CMV, are necessary when performing comparative
studies.64 It should also be borne in mind that different prep-
arations are therefore not necessarily identical with regard to
the titer of specific anti-CMV, and evenwithin the same prep-
aration differences may exist between different batches.

Replacement of IgG levels in heart recipients with severe
and moderate hypogammaglobulinemia lead to lower rates
of CMV infection in 2 studies performed at the Cleveland
Clinic.51,65 One of these was a randomized clinical trial in
which an intent to treat analysis showed a significant reduc-
tion of CMV infection in the CMVIG group compared with
placebo (15.4% [2/13] vs 60% [6/10]; P = 0.039).65 How-
ever, the patient numbers were small. We lack clinical trials
comparing CMVIG versus IVIg in this indication.
n overview

ism Effect/Possible effect

Possible suppression of functional dendritic cell
maturation and alloantigen-stimulated
T-cell proliferation

pression
May attenuate antibody-dependent cellular
cytotoxicity effector functions

by T cells Inhibition of T-cell proliferation
tion. CD8+

Increase in the level of specific anti-CMV
neutralizing antibodies.

Correction of Ig hypogammaglobulinemia
Viral neutralization associated with high-avidity
antibodies
Modulation of CMV infection and disease

ce-expressed
31 complex57
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The importance of passive transfer of antibody byCMVIG
seems to be greatest during the initial phase of infection.
The kinetics of specific anti-CMVantibodies in seronegative
recipients after introduction of CMVIG has not previously
been reported in heart transplantation. In a series of 6 high-
risk (D+/R−) heart transplant patients in whom 8 doses
of CMVIG were administered between days 0 and 77
(150 mg/kg within 24 hours after transplantation and
100 mg/kg on days 2, 7, 14, 22, 35, 56, and 77), there was
a significant increase in anti-CMV antibody titer from
pretransplant level and day 7.48 Titers remained above base-
line to the end of the 1-year study but decreased after CMVIG
was stopped at 70 days.48Anti-CMVIG levels remained signif-
icantly lower than in a control group of non–high-risk patients
(seropositive recipients with prior CMV infection) without
CMV infection after transplantation. Four of the 6 CMV-
seronegative patients developed CMV disease. The CMV dis-
ease developed significantly later in these patients compared
with D+R+ patients evaluated in the same study (5 ± 14 vs
2 ± 0.5 months; P = 0.003). These observations suggest that
CMVIG might provide early protection while titers are high.
However, this analysis was performed in a small number of
patients and should be further evaluated in future studies, in-
cluding testing for neutralizing antibodies.66

Effect of CMVIG on Anti-CMV Cellular
Immune Response

Data remain limited regarding the influence of CMVIG
administration on the cellular immune cascade. In vitro data
have shown that application of CMVIG decreases produc-
tion of the cytokines Il-2, IFN-γ, and IL-10 in mixed lym-
phocyte reactions and anti-CD3 blastogenesis assays.67 In
the same study, CMVIG was found to induce apoptosis of
CD8+ T cells and NK cells and attenuate antibody-dependent
effector cell cytotoxicity functions.67 Another group has also
reported that CMVIG suppresses cytokine production in vitro
and inhibits T-cell proliferation.68 A comparative in vitro
study found no difference in the type of inhibitory effect be-
tween IVIg and CMVIG, but IVIg resulted in a lower degree
of inhibition (P = 0.05].69

Future studies should evaluate whether the immunomodu-
latory effect of CMVIG on T-cell activation is associated with
lower rates of allograft rejection. After heart65 or lung70

transplantation, use of CMVIG has been associated with
lower rates of acute rejection but the evidence is by no means
clear-cut,71 and this remains unconfirmed in other types of
solid organ transplantation. TheCMVIG impacted positively
on the rate of acute rejection in liver recipients in a study per-
formed by Farges et al,72 whereas another study performed
by Kwekkeboom et al58 failed to find a significantly lower
rate of acute rejection among seronegative liver patients
treated with CMVIG.
CONCLUSIONS
The immune response to CMV is highly complex, involv-

ing multiple components of the immunological cascade. As
a result, it is unlikely that any single diagnostic test or thera-
peutic intervention is enough to deliver effective management
in thoracic transplant recipients. A combination of different
diagnostic and therapeutic interventions would appear to of-
fer a better strategy.
Passivetransferofspecificanti-CMVantibodiesfromCMVIG
appears to be accompanied by some degree of immunemodu-
lation.Thesecouldplayarole insuppressingsomeof thedirect
and indirect effects of CMV infection. The immunomodula-
toryeffectsofCMVIGcouldalso,potentially, improvecontrol
of other transplant-related complications, suchasallograft re-
jection, but this remains unconfirmed.

Further studies are required to assess the potential immuno-
modulatory impact of CMVIG on distinct components of
the immune response to CMV, including antigen presentation
(macrophages, dendritic cells), effector cells (NK cells, CD4+,
CD8+, and CD19+ specific cells) and to determine whether
this is qualitatively different from that of IVIg preparations.
Additional work is also needed to confirm that anti-CMV
specific antibody titers, avidity and neutralizing activity are
higher using CMVIG compared with IVIg.
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